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ABSTRACT 
During t h e  per iod from December 1963 t o  Apr i l  1964 a l a r g e  number of 
simultaneous measurements of t he  Faraday p o l a r i z a t i o n  r o t a t i o n  and t h e  
Doppler excess  frequency of radar  echoes w e r e  made a t  S tanford ,  Cal i f -  
o r n i a .  The experimental  r e s u l t s  showed a l a r g e  temporal v a r i a t i o n  of 
t h e  e l e c t r o n  conten t  above the  e a r t h ' s  ionosphere.  This  v a r i a t i o n  of 
t h e  e l e c t r o n  con ten t  i s  a t t r i b u t e d  t o  an exchange of i o n i z a t i o n  between 
t h e  ionosphere and t h e  lower magnetosphere. A n e t  upward e l e c t r o n  f l u x  
of about 3.7 X 10 m sec i s  found i n  t h e  morning; t h e  corresponding 
number f o r  downward flow i n  the  af ternoon i s  about 2 .8  x 10 m sec . 
I f  a d i f fus ive-equi l ibr ium model i s  assumed, i t  can be demonstrated t h a t  
t h e  cause of t h i s  f low is  t h e  change of temperature  i n  t h e  region of t h e  
12  -2 -1 
12 -2  -1 
upper ionosphere and lower magnetosphere. 
In t roduc t ion .  S ince  t h e  f i r s t  con tac t  of t h e  moon by r a d i o  waves [De W i t t  
and Stodola ,  19491, a cons iderable  amount of e f f o r t  has  been concentrated 
on s tudying t h e  dynamic c h a r a c t e r i s t i c s  of t h e  ionized c i s l u n a r  medium. 
The f i r s t  such s tudy  measured the  number of Faraday p o l a r i z a t i o n  ro ta -  
t i o n s  between t h e  e a r t h  and moon (Browne et a l ,  1956).  This  p a r t i c u l a r  
type  of measurement g ives  the  t o t a l  e l e c t r o n  conten t  of t h e  e a r t h ' s  
ionosphere.  Recent ly ,  another type of measurement, Doppler excess  f r e -  
quency, was made by Howard e t  a1 [1964a]. This  measurement provides  t h e  
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average t i m e  rate of change of t h e  e l e c t r o n  conten t  along t h e  e n t i r e  
r a d a r  pa th .  On the occasion of t h e  J u l y  20, 1963 s o l a r  e c l i p s e ,  simul- 
taneous measurements of Doppler excess  f requency and Faraday polar iza-  
t i o n  r o t a t i o n s  w e r e  made a t  Stanford,  C a l i f o r n i a  [Howard et a l ,  1964b]. 
The r e s u l t s  of the  lat ter experiment showed a l a r g e  depress ion  of the 
e l e c t r o n  conten t  above t h e  ionosphere.  
Th i s  paper p r e s e n t s  t h e  daytime r e s u l t s  of simultaneous measure- 
ments of Doppler excess  frequency and Faraday p o l a r i z a t i o n  r o t a t i o n  
on l u n a r  r ada r  echoes t h a t  w e r e  ob ta ined  d a i l y  over  a per iod of f i v e  
months (December 1963 t o  Apr i l  1964).  
l a r g e  d i u r n a l  change of i o n i z a t i o n  d e n s i t y  con ten t  above the  ionosphere-- 
t h e  amount of change of e l ec t ron  conten t  is  about 4 X 10l6 e l / m  . In  t h e  
Analysis  of t he  d a t a  shows a 
2 
l i g h t  of t h e s e  r e s u l t s ,  i t  i s  suggested he re  t h a t  the  change of ion iza-  
t i o n  occurs  i n  the lower magnetosphere. A d i f fus ive-equi l ibr ium model 
of t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  is assumed, and t h i s  model r e q u i r e s  
a p p r o p r i a t e  changes i n  temperature of t h e  d i f fus ive-equi l ibr ium region  
which could account f o r  such a l a r g e  observed change of t h e  i o n i z a t i o n  
con ten t .  
Experiment. The experiment descr ibed by Howard e t  a 1  [1964a, b ,  c ]  was 
conducted d a i l y  for  one t o  three hours  around l o c a l  l una r  t r a n s i t  t i m e .  
Two harmonical ly  r e l a t e d  f requencies ,  n e a r  25 and 50 Mc, w e r e  t rans-  
mi t t ed  w i t h  l i n e a r  p o l a r i z a t i o n  from an a r r a y  of 48 log-per iodic  antennas 
and one 150-foot d i s h  r e spec t ive ly .  These t r a n s m i t t i n g  antennas were 
a l s o  used f o r  r ece iv ing  r ada r  echoes dur ing  t h e  Doppler excess  f requency 
measurements. A 60-foot d i s h  w a s  used a s  a r ece iv ing  antenna t o  measure 
t h e  Faraday p o l a r i z a t i o n  r o t a t i o n  a t  50 M c .  
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Theory. 
f o r  a l i n e a r l y  po la r i zed  wave pass ing  through a magnetoionic medium is  
The amount of Faraday p o l a r i z a t i o n  r o t a t i o n  (Faraday r o t a t i o n )  
given a s  (Howard e t  a l ,  1964b) 
f 2f 
L T  PF = -
2f2  O 
where PF i s  t h e  number of cyc les  of Faraday r o t a t i o n ,  f o  is t h e  plasma 
frequency ( f 2  = 80.6 N i n  mks u n i t s ,  where N i s  t h e  e l e c t r o n  d e n s i t y ) ,  
f L  i s  t h e  l o n g i t u d i n a l  e l ec t ron  gyrofrequency, f is  t h e  o p e r a t i n g  f r e -  
quency, and t h e  r a d a r  p a t h  length  is  
of l i g h t .  The bar  denotes the mean va lue  of f o  f L  along t h e  p a t h ,  The 
e l e c t r o n  con ten t  
i s  then given a s  
0 
To sec times t h e  vacuum v e l o c i t y  
2 
IF a long  the r a d a r  p a t h  deduced from Faraday r o t a t i o n  
2 
1 f c  --- 
IF  - 40.3 f L  PF 
i s  taken a t  t h e  he igh t  of 400 km a t  t h e  subionospheric 
f L  The va lue  
p o i n t .  
The Doppler excess frequency i s  t h e  t i m e  r a t e  of change of t h e  r f  
phase.  Thus t h e  t i m e  i n t e g r a l  of Doppler excess frequency g i v e s  t h e  
change i n  t h e  number of cyc les .  The number of c y c l e s  PDE is  given by 
LO 
PDE = 2f TO (3) 
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. 
The relative electron content ID can be expressed as 
1 
fc $E ID - 40.3 - -  
Results. 
polarization and Doppler-excess-frequency methods are plotted in Fig. 1. 
The average relative electron contents measured by the Faraday- 
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FIG. 1. AVERAGED DAYTIME RESULTS OF RELATIVE ELECTRON CONTENT 
MEASURED BY FARADAY POLARIZATION AND DOPPLER EXCESS FREQUENCY. 
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I t  is  c l e a r  t h a t  t h e  Doppler method d e t e c t s  a much l a r g e r  change of ion- 
i z a t i o n  conten t .  F igure  2 r ep resen t s  t h e  d i f f e r e n c e  between the t w o  
curves ,  ID - IF, t h e  g r e a t e s t  d i f f e r e n c e  being about 4 X 10l6 e l / m  . 2 
c 
6 I 
I \  4x IOi6 
1 
-3 m- ' 1 I I SUNSET rn I I  I I I I I f 
'OS 07 09 I I  13 IS 17 19 
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FIG. 2.  DIFFERENCE OF AVERAGED DAYTIME RESULTS OF LUNAR 
MEASUREMENTS. 
I t  i s  seen t h a t  t h e  r a t e  of increase of i o n i z a t i o n  content  i n  t h e  morning 
is  s l i g h t l y  h igher  than the r a t e  of decrease  i n  t h e  a f te rnoon.  
morning t h e  per iod  of increas ing  i o n i z a t i o n  i s  about 3 hours (0800 to  
l l O O ) ,  and i n  the af te rnoon the per iod  of decaying i o n i z a t i o n  i s  about 
4 hours  (1400 to  1800). 
I n  t h e  
Hence t h e  average r a t e  of change of columnar 
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i 
4 
e l e c t r o n  conten t  can be ca l cu la t ed  a s  
Average Rate of Change of 
Columnar E lec t ron  Content 
2 Morning hours  3.7 x e l / m  /sec 
Afternoon hours 
2 
2.8 x 10l2 e l / m  /sec 
The  decrease  of i o n i z a t i o n  content  de t ec t ed  by  t h e  Doppler method dur ing  
predawn hours  has been t r e a t e d  i n  a s e p a r a t e  paper [Yoh e t  a l ,  19661. 
F i n a l l y ,  t h e  shape of t h e  change of i o n i z a t i o n  above t h e  ionosphere 
is s imi la r  t o  t h a t  of t h e  ionospheric  change ( i .e . ,  a rap id  inc rease  of 
i o n i z a t i o n  a f t e r  s u n r i s e  reaches i t s  maximum value  about noon; i t  starts 
to  decay i n  t h e  e a r l y  af ternoon and cont inues  u n t i l  a f t e r  s u n s e t ) .  
Discussion.  The c i s l u n a r  medium conta ins  s e v e r a l  d i f f e r e n t  regions--the 
ionosphere,  t h e  inne r  and ou te r  magnetospheres, the  t r a n s i t i o n  reg ion ,  
and t h e  solar-wind region--which a r e  cha rac t e r i zed  by t h e i r  d i f f e r e n t  
magnetic f i e l d s ,  high- and low-energy, dens i ty  d i s t r i b u t i o n s ,  and plasma- 
f l o w  parameters .  F igu re  3 r ep resen t s  t he  p l ane  of the luna r  o r b i t ,  
looking from t h e  n o r t h  c e l e s t i a l  po le .  The dashed l i n e  of t h e  magneto- 
pause i s  an e x t r a p o l a t i o n  from t h e  IMP-I magnetometer measurements [Ness 
et a 1  19641. 
by Yoh e t  a1 (19663. 
of t h e  shock f r o n t  and the  magnetopause. The o u t e r  magnetosphere i s  t h e  
reg ion  between t h e  magnetopause and the "knee, " and t h e  inne r  magneto- 
sphe re  i s  t h e  reg ion  between t h e  boundaries  of t h e  knee and t h e  top  of 
t h e  ionosphere.  (Carpenter  and Jewel1 [1965] r e c e n t l y  r epor t ed  on t h e  
p o s i t i o n  of t h e  knee around the  e a r t h . )  
The shock f r o n t  i n  t h e  a n t i s o l a r  hemisphere was der ived  
- 9  
The t r a n s i t i o n  reg ion  lies between t h e  boundaries  








FIG. 3 .  REGIONS I N  THE CISLUNAR MEDIUM SHOWING EXAMPLE OF RADAR PATH. 
I t  can be s e e n  i n  F i g .  3 t h a t  t h e  radar  p a t h  l e n g t h s  i n  d i f f e r e n t  
r e g i o n s  depend on the p o s i t i o n  of t h e  moon: 
do n o t  change by any s i g n i f i c a n t  amount, but d u r i n g  n i g h t t i m e  hours t h e r e  
dur ing  d a y l i g h t  hours  t h e y  
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i s  a s i g n i f i c a n t  change i n  the solar-wind reg ion  and i n s i d e  the shock 
f r o n t .  S ince  the measurements a r e  taken near  t h e  l u n a r  t r a n s i t  time, 
t h e  moon i s  always i n  t h e  s o l a r  d i r e c t i o n  for  t h e  daytime measurements. 
F igure  4 shows the order of magnitude of the  e l e c t r o n  conten t  i n  
d i f f e r e n t  reg ions  on t h e  daytime s i d e .  S i n c e  t h e  observed change of ion- 
i z a t i o n  conten t  i s  beyond the ionosphere [=, 19651, it is  concluded 
t h a t  the only  region t h a t  can poss ib ly  support  t he  d i u r n a l  v a v i a t i o n  of 
4 X 10l6 e l / m  
2 





IONOSPHERE c 10"- 
IO2 
I .02 
1 I I I 
io3 IO' 2x10' 6x10' IOs 3.8~10~ km 
I .2 4 10 15 60 Re 
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F I G .  4 .  AVERAGED ELECTRON CONTENT I N  THE DIFFERENT REGIONS I N  THE 
CISLUNAR MEDIUM I N  THE SOLAR DIRECTION. 
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. 
by the fact that the total sum of electron contents from the other three 
regions--outer magnetosphere, transition region, and solar-wind region-- 
cannot account for the observed value of change of ionization content. 
A diffusive-equilibrium model, based on the following assumptions, 
was constructed to explain the results shown in Fig. 2: 
1. It is isothermal--i.e., temperature is independent of height. 
2 .  The ion temperature Ti is equal to the electron temperature 
T .  e 
3. The base of its diffusive-equilibrium region is taken at 500 km. 
4 .  It has three ionic constituents: O+, He , and H'. + 
The electron-density distribution can be expressed as [Bauer, 19621 
+ where the subscripts 1, 2, and 3 refer to O', He , and H' re- 
spectively, and where 
N = electron density at the base level 
h = scale height expressed as hs = k(Te + Ti)/mg, where m is 
0 
S 
ion mass and g is acceleration of gravity 
A' = "reduced" altitude, defined as 
h - h  
0 A' = 
(1 + h/Re)(l - ho/Re) 
- 9 -  
, 4 
I .  
I .  
where h i s  t r u e  he ight  measured from t h e  ground, ho is  




“ij - = r a t i o  of ion d e n s i t i e s  a t  base l e v e l ,  def ined  a s  v i  j 
Nj/Nil 500 km 
Equation (5)  s t a t e s  t h a t  t h e  e lec t ron-dens i ty  p r o f i l e  depends on t h e  
temperatures  and ion compositions a t  t h e  base l e v e l .  If one of t h e  pa- 
remeters should change, t h e  shape of t h e  e lec t ron-dens i ty  d i s t r i b u t i o n  
would be changed. 
I n  cons ider ing  t h e  e lec t ron-dens i ty  d i s t r i b u t i o n s  i t  is  h e l p f u l  t o  
f irst  cons ider  a simple expression f o r  determining t h e  h e i g h t  of t r a n -  
s i t i o n  l e v e l s  of d i f f e r e n t  i o n i c  s p e c i e s .  The expression f o r  a s i n g l e  
ion  s p e c i e s  is  
where N is t h e  d e n s i t y  of t h e  ith ion  s p e c i e s  a t  base l e v e l  and 
M+ is  t h e  mean i o n i c  mass. A t  the  t r a n s i t i o n  l e v e l ,  
i o  
N .  = N 
1 j 
(7) 
s u b s t i t u t i o n  of Eq. ( 6 )  i n  Eq. ( 7 )  y i e l d s  
- 10 - 
h h 
N i o  exp [-i dh +/ k(Te + T i d h l  
hO h0 
Assuming t h a t  a l l  i o n i c  c o n s t i t u e n t s  have t h e  same temperature  y i e l d s  
T .  = T .  = T, and Eq. (8)  then reduces t o  
1 J 
Let  t h e  upper l i m i t  of t h e  i n t e g r a l  be t h e  h e i g h t  of t h e  t r a n s i t i o n  
l e v e l  L of t h e  i th and jth i o n i c  c o n s t i t u e n t s .  Equation (9)  then 
becomes 
h 
Let a = Rn(N. /N ) and b = ( m  - m.)/kT. S ince  t h e  term 
J O  i o  i J 
(mi - mj)/kT i s  c o n s t a n t ,  the i n t e g r a l  r e q u i r e s  a simple i n t e g r a t i o n ,  




-=/,dh b and = ‘o(h ?RJ ’ 
hO 
is the acceleration of gravity at the earth’s surface. After g0 where 
integration and some algebraic manipulation, the expression for L is 
given as 
bh 0 + a[l + (ho/R+)] 
b - (a/R+)[l + (h /R 1 ‘ L =  
0 + )  
The transition level is a function of both ion temperature and the com- 
position of ionic constituents at the base level. The transition level 
of the two species does not depend on the third component. However, the 
ionic distribution of any particular species depends not only on the 
third species but also on the electron temperature. A family of curves 
is plotted in Figs. 5 and 6 to show the transition levels of He and 
O+ and of H’ and He a s  functions of ion temperature. 
+ 
+ 
If the transition levels and the temperature are known, one can find 
the ionic composition at the base level. Hence the electron-density 
profile can be calculated from Eq. (5). Evans [1965] has measured a 
large change of electron temperature above the peak of electron density 
in the F2 layer during the daytime. The electron temperature at a 
height of about 700 km reaches as high as 3000 OK near noon and less 
than 2000 OK near sunrise and sunset. 
the electron temperature at a high altitude, which has been measured by 
The ion temperature approaches 
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FIG. 5. TRANSITION LEVELS BETWEEN Her AND 0' FOR DIFFERENT 
COMPOSITIONS AT THE BASE LEVEL (500 KM) . 
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FIG. 6. TRANSITION LEVELS BETWEEN H+ AND He' FOR 
DIFFERENT COMPOSITIONS AT BASE LEVEL (500 KNI) . 
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Evans and Loewenthal [1964] and p red ic t ed  by t h e o r i e s  of Hanson [1963] 
and Dalgarno e t  a 1  [1963]. Hence t h e  assumption t h a t  t h e  ion  temperature 
and t h e  e l e c t r o n  temperature  a r e  t h e  same is a reasonable  one. The 
r e s u l t s  of t he  A r i e l  s a t e l l i t e  measurements [Bowen e t  a l ,  19641 on t h e  
t r a n s i t i o n  l e v e l s  show t h a t  during daytime hours t h e  t r a n s i t i o n  between 
He+ and 0' 
l a t i t u d e s .  The t r a n s i t i o n  l e v e l  between H e  and H+ cannot be detec-  
t ed  by t h e  sa te l l i t e  because of i t s  low o r b i t .  
is above 1OCO km and can be a s  high a s  1400 km a t  mid- 
+ 
A sample c a l c u l a t i o n  of i n t eg ra t ed  normalized e l e c t r o n  content  is 
given below: 
In t eg ra t ed  E lec t ron  Content 
Normalized a t  Base Level  
Height Range 




500 - 1,000 3.0 x lo5 2.4 x 10 
1,000 - 4,000 3.5 x lo5 2 . 1  x 10 
4,000 - 10,000 2 .5  X 10 1.3 X 10 
The i o n i c  compositions a t  500 km a r e  chosen i n  such a way t h a t  t h e  t r an -  
s i t i o n  l e v e l  between H e  and 0" remains f a i r l y  cons t an t  above 1000 km 




y12 = 0.1 and y23 = 0 .4  
An i l l u s t r a t i o n  of t h e  shape of e l ec t ron -dens i ty  d i s t r i b u t i o n  wi th  d i f -  
f e r e n t  temperatures  is  shown i n  F ig .  7 .  I t  is  c l e a r  t h a t  t h e  changes 
of temperature  a f f e c t  t h e  percentage t h e  most a t  h igh  a l t i t u d e s .  
- 15 - 
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FIG. 7 .  NORMALIZED ELECTRON-DENSITY PROFILE ABOVE BASE LEVEL FOR 
DIFFERENT TEMPERATURES. 
3 
Now i t  is d e s i r a b l e  t o  e s t ima te  t h e  va lue  of Neo a t  500 km f o r  
noon and sunse t  o r  s u n r i s e .  During t h e  e n t i r e  per iod  of t h e  luna r  r a d a r  
experiment,  t h e  bottomside ionosonde w a s  operated every 15 minutes at 
S tanford  and t h e  average d i u r n a l  v a r i a t i o n  of t h e  maximum e l e c t r o n  den- 
s i t y  w a s  t h u s  obta ined .  F igure  8 shows t h e  v a r i a t i o n  of 
i n c r e a s e s  r a p i d l y  a f t e r  s u n r i s e ,  reaches  i t s  maximum v a l u e  nea r  noon, and 
starts t o  decay i n  t h e  afternoon u n t i l  after sunse t .  The n igh t t ime  va lue  
of remains f a i r l y  cons t an t .  I f  t h e  d e n s i t y  a t  500 km i s  assumed t o  
a l a r g e  change of e l e c t r o n  d e n s i t y  va ry  i n  t h e  same fash ion  as  N 
a t  500 km between noon and sunse t  o r  s u n r i s e  would be expected. I f  i t  
is  assumed t h a t  t h e  d e n s i t y  a t  500 km is about one-tenth of N t h e  
which Nmax 9 
max ' 
max ' 
- 16 - 
LOCAL TIME (PST-hr) 
FIG. 8. AVERAGED MAXIMUM ELECTRON DENSITY, Nmax, MEASURED AT 
STANFORD DURING THE LUNAR-RADAR-ECHO EXPERIMENT. 
d e n s i t y  a t  500 km would vary from 5 .5  X 10 lo m-3 t o  2 .5  X l o lo  m-3. 
n e t  changes of e l e c t r o n  content f o r  the  d i f f e r e n t  he igh t  ranges ,  u s ing  
t h e  high va lue  of d e n s i t y  f o r  2500 OK and t h e  low va lue  f o r  1500 OK, a r e  
shown below : 
The 
Height Range Change of E lec t ron  Content 
b) ( e l / m 2  1 
500 - 1,000 1 . 0  x 10l6  
16 
16 
1,000 - 4,000 1.4 X 10 
4,000 - 10,000 1 . 0  x 10 
I t  i s  c l e a r  from t h e  above t h a t ,  w i th  a f a i r l y  l a r g e  change of tempera- 
tu re ,  t h e  change of e l e c t r o n  conten t  i n  t h e  h i g h - a l t i t u d e  reg ion  has t h e  
same o rde r  of magnitude of change a s  was observed f o r  t h e  luna r  r a d a r  echoes. 
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The Doppler method measures t h e  n e t  change of e l e c t r o n  c o n t e n t ,  
3.4 X 10l6 e l / m 2 .  
the Faraday method is about 1.2 X 10l6 e l / m  . Sub t rac t ing  t h e  two values  
g i v e s  a n e t  d i f f e r e n c e  of change of e l e c t r o n  content  of 2.2 X 10l6 e l / m  . 
The amount of change of e l e c t r o n  con ten t  computed by 
2 
2 
Since  local i o n i z a t i o n  product ion does  not  occur  above 1000 km, t h e  
amount of i n c r e a s e  and decrease  of i o n i z a t i o n  a t  t h e  h igh  a l t i t u d e s  o r  
l o w e r  magnetosphere must be res tored  o r  removed from somewhere else. I t  
i s  t h e r e f o r e  l o g i c a l  t o  deduce t h a t  t h e  ionosphere s e r v e s  as the  source 
as w e l l  as t h e  s i n k  and t h a t  the  e l ec t ron - f lux  f low between t h e  iono- 
sphere  and t h e  lower magnetosphere does e x i s t .  
The r e s u l t s  of o t h e r  workers suppor t  t h i s  idea  of e l ec t ron - f lux  f l o w .  
For example, Evans [1965a], using r ada r  backsca t t e r ,  de t ec t ed  a l a r g e  
downward d r i f t  of the ion iza t ion  from above 500 k m  dur ing  t h e  20  J u l y  
1963 e c l i p s e .  The r e s u l t s  of h i s  measurements showed, a t  t h e  beginning 
of t h e  e c l i p s e ,  a l a r g e  depression of the  i o n i z a t i o n  a t  h e i g h t s  above 
500 k m  and an inc rease  of ion iza t ion  near  t he  d e n s i t y  peak of the F2 
reg ion .  The amount of d e n s i t y  depress ion  a t  t h e  h igh  a l t i t u d e s  was about 
ha l f  of t h e  pre-ec l ipse  value.  Evans again observed an inc rease  of ion- 
i z a t i o n  nea r  t h e  peak dur ing  normal a f te rnoon hours [1965b]. 
agreed wi th  t h e  lunar-radar  measurement of the  downward f l o w  of ion iza-  
This  evidence 
t i o n  i n  t h e  a f te rnoon hours .  
The r e s u l t s  of both A r i e l  [ W i l l m o r e ,  19641 and Explorer  XVII [Brace 
e t  a 1  19651 s a t e l l i t e  measurements on e l ec t ron  temperatures  and ion  -’ 
d e n s i t y  i n  t h e  upper ionosphere and p a r t  of t h e  lower magnetosphere 
i n d i c a t e  an upward f l o w  of ionized f l u x .  The va lue  of t h e  upward f l u x  
i s  on t h e  o r d e r  of 10l2 m 
-2 -1 sec , which agrees  w e l l  w i t h  t h e  va lue  
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c 
suggested by the lunar-radar experiment. Hanson [1963] has predicted 
. theoretically the amount of fast photoelectron drifting upward to be 
about 10 m sec . 12 -2 -1 
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